We propose a reference site for the site effect study in and around the Kathmandu valley, Nepal. The used data were the accelerograms recorded at two stations, DMG and KKA, and velocity seismograms co-recorded at the PKIN station during nine shallow local and regional earthquakes of local magnitude equal to or greater than 5.0. The DMG station is located on the thick sediments of the Kathmandu valley, whereas the others are rock sites. The KKA station is located on the granite and gneisses of the Shivapuri Lekh about 10 km northwest of the capital, and the PKIN station is in the tunnel of an old iron mine on the southern slope of the Phulchauki Hill about 15 km southeast. The spectral ratios of the ground motion records of the DMG station compared to those of the PKIN station, for all considered earthquakes, confirm that the DMG station has amplification ranging from 1 to 10 in the frequency range of 0.5-10 Hz, and spectral ratios of the KKA station referenced by the PKIN station show that the KKA station has significant amplification in the frequency range of 4-10 Hz and the peak value of the spectral ratio is at most over 25. Therefore, the site amplification in and around Kathmandu valley would be significantly underestimated in the frequency range from 4 to 10 Hz if the records of the KKA station were used as a proxy for input seismic motions to the sediment. Based on the above analysis, we propose that the PKIN station should be considered as a reliable reference site for the assessment of seismic hazards in and around the Kathmandu valley.
Introduction
Kathmandu, the capital city of Nepal, as well as its sister cities, were established in a fluvio-lacustrine valley at the foot of the high Himalayan range, one of the most active and the highest mountain range of the world (Fig. 1) . The valley is severely impacted by large earthquakes due to the very high tectonic activity of the nearby faults as well as the faults that contribute to the growth of the mountain range. The local sites conditions in the valley have large effects on the ground motion at the surface. Therefore, the disaster mitigation from damaging earthquakes is a major concern for the approximately 2.6 million people who live there. The use of actual strong ground motion records is a crucial component for seismic hazard assessment since the records provide information of local site effect that plays a major role in seismic ground motion and its influences, i.e., damages caused by large earthquakes.
The Kathmandu valley is a tectonic basin formed by the uplift of the Himalayan frontal range and filled by thick lacustrine, alluvial fan and fluvial deposits of the paleoKathmandu lake in Pleistocene and Quaternary that overlay meta-sedimentary Precambrian-Paleozoic bedrock (e.g., Yoshida and Igarashi 1984; Sakai 2001; Sakai et al. 2006; Piya 2004 ). Moribayasi and Maruo (1980) mapped the basement topography based on their result of gravity survey and estimated the depth of sediment about 650 m at the deepest point. The depth at the strong motion observation station DMG that is located in the main Open Access *Correspondence: mb2058@yahoo.comoffice building of the Department of Mines and Geology, the Government of Nepal (Fig. 1) , is estimated 500 m that is consistent with the information obtained by drillings nearby (Sakai 2001) . In the valley, the average shearwave velocity over the upper 30 m is spread from 180 to 310 m/s (Japan International Cooperation Agency 2002). Paudyal et al. (2012) gave the predominant period of the ground estimated by the horizontal to vertical spectral ratios of ambient noise (so-called Nakamura's method, Nakamura 1989) at the DMG station between 0.5 and 1 Hz among their 171 measuring points. The intensity distribution during the 1934 Nepal-Bihar earthquake suggests that the underground structure in the valley is not simple (Fig. 1) . During the 2015 Gorkha, Nepal earthquake (e.g., Kobayashi et al. 2015; Kubo et al. 2016 ) clear predominant period around 0.2 Hz was observed at the DMG station (Bhattarai et al. 2015) , in KATNP site maintained by USGS (Dixit et al. 2015) and also in some temporary stations in Kathmandu valley (Takai et al. 2016) . These show necessity of further studies by geological and geophysical survey and strong motion and earthquake observations, especially on underground velocity structure and on the shape of hard bedrock that shall be used for seismic hazard assessment.
In Nepal the permanent seismic network has been established under the technical cooperation between Departement Analyse Surveillance de l'Environnement (DASE), Commissariat Energie Atomique (CEA), the Government of France and Department of Mines and Geology, the Government of Nepal since 1978. Within the cooperation, the National Seismological Centre of Department of Mines and Geology (NSC-DMG) has been jointly working with DASE since 2009 in deploying accelerographs in order to study the strong ground motion and its variability in different site conditions, at the DMG station in the central part of the Kathmandu valley (hereafter simply called DMG) as well as six stations at sites comprising among them major cities of Nepal like Pokhara (PKR) and Surkhet (SKT) or co-located with velocimetric stations Ghanteshwore (GHA), Kakani (KKA) and Taplejung (TAP). The first sites to be installed were at DMG, KKA and PKR, and then the network was extended to SKT and Dhunche (DHU) in 2011. After the TaplejungSikkim earthquake in 2011, three temporary stations were deployed in Illam (ILM), TAP and Tumlingtar (TUM) in eastern Nepal. The Taplejung temporary station was later converted to a permanent station. The Dadeldhura (DDR) station in far-western Nepal was moved to GHA. NSC-DMG had maintained only two accelerographs, i.e., DMG and KKA, in and around Kathmandu valley before 2014, and KKA would have been considered as a reference site. Bhattarai et al. (2011) , however, have pointed out the problem that in the frequency range 4-10 Hz there was significant amplification at the rock site KKA located on Shivapuri Lekh in comparison with the soil-site DMG on thick fluvio-lacustrine sediments using 2010/10/17 Xizang earthquake (i.e., event No. 1 in Table 1 ). Then, the appropriateness of KKA as a reference rock site is left in doubt.
Selection of a reliable reference site is a base for studies of the site effects including basin as well as basin-edge effects and then shall be completed with the highest priority. Therefore, this study is aimed to propose a more reliable reference rock site that shall be used for site effect study in and around the Kathmandu valley.
Methods
One of the experimental indicators that are commonly used to determine site effects at the arbitrary site is H/H ref spectral ratio (Borcherdt 1970) . It is defined as the ratio of the Fourier amplitude spectra of horizontal components of a soil-site record (site of interest) to that of the rock site (reference site) record from the same earthquake. This technique has been applied for practical use, on the assumption that ground motion at the rock site is equivalent to the input motion on the basin bedrock. The H/H ref ratio is thus the representative of the transfer function of the sedimentary layers at soil site. This is valid only if the difference of source radiation and propagation effects between the two sites can be neglected. It is also necessary to let the distance between source and stations must be sufficiently large compared with the distance between the sites. Since S-waves are very sensitive to site conditions and are the origin of most of the damages, this technique is generally applied to S-waves. This method requires finding a good reference site (Steidl et al. 1996) . The specific procedure is described in the next section.
Data and analysis
In addition to the two accelerographs (i.e., DMG and KKA) maintained by NSC-DMG, we used the velocity waveform data from the station situated to the southeast of Kathmandu in the Phulchauki tunnel (PKIN, see Fig. 1 ). Altogether we used the digital waveform data obtained during nine earthquakes of different magnitudes equal to or larger than 5.0 recorded at three stations, simultaneously. It is noticed that in some accelerograms P-phase and others the later part of S-phase was missing due to the choice of insufficient pre-and post-event windows in the setup of the instrument. It is also found that some of the velocity seismograms at PKIN were saturated due to the limited dynamic range of the sensor and some breakage occurs before and after P-or S-phase onset in some components. For the selection of earthquakes epicentral distance from DMG located in the capital larger than 60 km were taken into consideration to prevent the influence of the difference in radiation and propagation effects between the used stations. Therefore, we could use a limited number of the records as shown in Table 1 . Signal-to-noise ratio (S/N) of the available records is above two consequently. The epicenter, magnitude and location of the earthquakes and stations of them are shown in Fig. 2 . For the convenience, the earthquakes are numbered as shown in Table 1 .
The detail of the instruments and condition of sites are summarized in Table 2 . PKIN has a short period velocity seismograph of which natural frequency is 1 Hz. Its velocity records are converted to accelerograms by differentiation in the time domain, and the instrumental correction is applied in the frequency domain as described below. Therefore, a careful consideration is required on S/N in the frequency range lower than 1 Hz, especially in the case of weak ground motion.
The strong motion seismographs in DMG and KKA Geo-SIG AC23 have accelerometers that are not the force balanced type. This accelerometer is based on a geophone mass-spring system (i.e., velocity transducer of the natural frequency 4.5 Hz) with electronic corrector that overdamps the geophone by applying a voltage with opposite polarity over the geophone and then the output response will be flat and proportional to the acceleration in the frequency range from 0.1 to 100 Hz, and an amplifier is applied to this voltage difference to regulate the gain (GeoSIG Ltd. 2015) . Therefore, for these two accelerometric stations, an attention is required on S/N for very small amplitude signal at the low-frequency range. However, a quantitative discussion related to PKIN is possible within the target frequency range of this study, i.e., over 0.5 Hz and also the consideration is possible on the relation of DMG with KKA over 0.3 Hz as explained below. The second largest earthquake, No. 8, was used as an example in order to explain the data processing using the software ViewWave (Kashima 2009). The accelerograms of Earthquake No. 8 (Table 1) at KKA, DMG and PKIN stations are shown in Fig. 3a-c, respectively . Particularly, those shown in Fig. 3c were obtained by the simple differentiation of the original velocity seismograms, but the instrumental correction was not yet applied. A time window of the 20 s was chosen from the start time written in the caption of Fig. 4a . The prerequisite for FFT (removal of DC trend, cosine taper and zero padding) was applied, and Fourier amplitude spectra were calculated and smoothed using the Parzen's window of bandwidth 0.2 Hz.
The thing to be considered in this study is not the individual behavior of SH-and SV-waves, but that of the entire S-waves. The displacement particle motions without clear polarity and also the similarity of the Fourier Amplitude of the two horizontal components (Fig. 4a , b, respectively) suggest an isotropic feature of S-waves. Therefore, two horizontal components were combined into their Euclidian mean, i.e., the square root of the sum of the squares of NS and EW components (Fig. 5) .
Then, an instrumental correction was done for the PKIN records only in the frequency domain. The broken and solid curves in Fig. 5c show those before and after Table 1 recorded at a KKA, b DMG and c PKIN stations. The last one was obtained by the simple differentiation of the original velocity seismograms, but without instrumental correction the instrumental correction, respectively, and the gray curve shows the normalized instrumental response that is used for the instrumental correction. Hereafter, the name PKIN_Cor is used for the signals obtained at PKIN but after conversion to acceleration and removal of the instrumental response. The strange behavior of the solid curve of Fig. 5c in the frequency range below 0.5 Hz is interpreted as the noise dominant in this range that was amplified by the instrumental correction, i.e., division by the instrumental response. The flat part of the broken curve at the same frequency range shows the noise level. This clearly shows that any discussion based on the spectral ratios DMG/PKIN_Cor or KKA/PKIN_Cor in the frequency range below 0.5 Hz was not considered relevant and shall be excluded from the analysis. Similar flat parts are observed below 0.2 Hz in Fig. 5a and below 0.3 Hz in Fig. 5b . This implies that any discussion on the spectral ratio DMG/KKA cannot be fully reliable in the frequency range below 0.3 Hz.
Finally, the Fourier amplitude spectra at the site of interest were divided by that of the reference sites to calculate the spectral ratio: DMG/KKA, DMG/PKIN_Cor and KKA/PKIN_Cor for earthquake No. 8 as shown in Fig. 6a -c, respectively. All three curves do not asymptote to the unity at low frequency due to the effect of the noise Table 1 recorded at a displacement particle motions on horizontal plane. Low-cut filter is applied at 0.5 Hz to prevent the influence of noise, b the corresponding Fourier amplitude spectra of three components calculated using the time window of duration 20 s from 21, 22 and 46 s of the records of KKA, DMG and PKIN Table 1 at a KKA, b DMG and c PKIN (dotted curve before the instrumental correction), PKIN_Cor (solid curve after the instrumental correction) and the instrumental response used for correction (gray curve) dominating the records of KKA, DMG and PKIN_Cor in the frequency range below 0.2, 0.3 and 0.5 Hz, respectively. Namely, the noise makes the denominator spectra too big in the mentioned frequency ranges.
The same procedure was applied for other earthquakes' records. Finally, all available spectral ratios were plotted together, and their combined trend was analyzed and interpreted in the next section.
In order to take the elongation of S-wave trains during the propagation via long distance and also their difference depending on the magnitude into account, different values of the duration of the time window used to calculate FFT were used: 10 s for the earthquakes No. 2 and No. 9; 20 s for No. 3, No. 5, No. 6 and No. 8; 40 s for No. 4 and No. 7 . Due to the setting of post-event time window the captured S-waves parts are shorter than 10 s for No. 1: 7 s for DMG; 8 s for KKA; and 10 s for PKIN. Number of samples for FFT was regulated by padding zeros after the records extracted using these time windows up to the bigger and closest integer that is a power of 2. Besides PKIN records are saturated during No. 4 and partly lost during No. 6 and No. 7 due to trouble of data acquisition system. Therefore, these three events are not used in discussion below.
For the sake of convenience, three frequency ranges were set as follows:
Range 1: lower than about 0.5 Hz, Range 2: from about 0.5 to about 4 Hz and Range 3: from about 4 to 10 Hz and higher.
Results
The observations for the representative earthquake in the previous section can also be seen even for other events. The spectral ratio curves of all records used for DMG/ KKA, DMG/PKIN_Cor and KKA/PKIN_Cor are plotted in Fig. 7a -c, respectively. For most of the earthquakes, the ratios show similar trends.
The most notable one is the non-flat feature of the spectral ratio DMG/KKA. In Range 2, all curves are between the unity and 10, whereas in Range 3 below the unity. Namely, a rock site KKA has more amplification than DMG at the center of valley in Range 3, consistently with Bhattarai et al. (2011) . This is supported by the spectral ratio DMG/PKIN_Cor in Fig. 7b that a drastic contrast in Range 2 and Range 3, and also by the observation of Fig. 7c , where the spectral ratio KKA/PKIN_Cor takes values around the unity in Range 2 and over 10 up to 25 in Range 3. Thus, it was confirmed that KKA has its own particular site response at Range 3. However, its mechanism is left unknown.
On the other hand, DMG/PKIN_Cor shows amplification around 4 or 5 in Range 2 and in Range 3 with narrow peaks and troughs. All the signals converged toward unity at higher frequencies above 10 Hz. The sharp peak exceeding ten in Range 3 is particular only to earthquake No. 9. This clearly shows the site amplification at DMG is, at maximum, ten times higher than that of the newly created reference site PKIN.
Additionally, it was clearly observed that for the largest earthquake No. 4 exhibited a significant peak at 0.3 and also 0.6 Hz in Fig. 7a .
Conclusions
This study aimed to resolve an issue discovered in a previous study by Bhattarai et al. (2011) and to propose a better reference site for the investigation of site effect in and around the Kathmandu valley. The problem was that in the frequency range 4-10 Hz there was significant amplification at the rock site KKA in comparison with the soil-site DMG.
This anomaly was rechecked using the digital acceleration data of nine earthquakes obtained at these stations and also velocity seismogram of another rock site PKIN on the southern slope of Phulchauki Hill. The anomaly Table 1 reappeared for all of the analyzed earthquake records, and the amplification of KKA in comparison with DMG was confirmed. It was also confirmed using the spectral ratio of the ground motions of DMG to those of PKIN for the same earthquakes that the DMG site has amplification ranging from 1 to at most 10 times in the frequency range of 0.5-10 Hz. On the other hand, the spectral ratios of KKA compared to PKIN showed that the KKA site has amplification in the frequency range 4-10 Hz, with a peak value at most 10. This means that site amplification in and around the Kathmandu valley that is estimated by spectral ratios with reference to KKA will be underestimated in the frequency range from 4 to 10 Hz. The mechanism or reason of the amplification of seismic waves in this frequency range at KKA is left unknown. Further studies, e.g., parallel measurement of ambient noise and/or geophysical exploration are needed. In the frequency range higher than 1 Hz, the mentioned data show the amplification at DMG site, but it is confirmed only for linear response range.
Additionally, amplification due to thick sediment in the valley has been suggested by the spectral ratio of DMG compared to KKA using the records of the 2011/09/18 Taplejung-Sikkim earthquake (NSC-DMG, M L = 6.8). In the frequency range lower than 0.5 Hz, the power of the used records DMG and KKA was not enough to reveal it clearly. Only this M L 6.8 earthquake has power there and the long period response is observed, but its reliability does not seem enough due to the poor S/N in the frequency range lower than 0.3 Hz in DMG and KKA. A drastic site effect in the frequency range lower than 0.5 Hz has been shown during the 2015 Gorkha, Nepal earthquake (Bhattarai et al. 2015) , not only in DMG but also in other stations (Takai et al. 2016; Kubo et al. 2016) . However, further studies on additional strong motion records, among them on records of the main shock and aftershocks of the 2015 Gorkha earthquake, will be required to understand and quantify its effect.
Based on the analysis and interpretation in this paper, we propose that the station PKIN should be considered as a reliable reference site for the estimation of seismic hazards at different sites in and around the Kathmandu valley. An accelerograph has been installed newly at the station PKIN in May 2015, after the 2015 Gorkha, Nepal earthquake.
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